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Abstract: Experiments are described that provide indirect evidence for the involvement of all@meplexes

in oxidative addition/reductive elimination reactions of'Rp(L)(R)H complexes (Tp= tris-3,5-dimeth-
ylpyrazolylborate, L= CNCH,CMej3). Reductive elimination rates in benzedgwere determined for loss of
alkane from TfRh(L)(R)H, where R= methyl, ethyl, propyl, butyl, pentyl, and hexyl, to generate RH and
TP'Rh(L)(CsDs)D. The isopropyl hydride complex TRh(L)(CHMe)H was found to rearrange to tinepropyl

hydride complex TfRh(L)(CH.CH,CHz)H in an intramolecular reaction. Theecbutyl complex behaves
similarly. These same reactions were studied by preparing the corresponding metal deuteride comfiRixes, Tp
(L)(R)D, and the scrambling of the deuterium label into theand w-positions of the alkyl group monitored

by 2H NMR spectroscopy. Inverse isotope effects observed in reductive elimination are shown to be the result
of an inverse equilibrium isotope effect between the alkyl hydride(deuteride) complex amelikene complex.

A kinetic model has been proposed using alkane complexes as intermediates and the selectivities available to
these alkane complexes have been determined by kinetic modeling of the deuterium scrambling reactions.

Introduction Reductive elimination of alkane from an alkyl hydride
complex is the microscopic reverse of oxidative addition of an
alkane C-H bond to a coordinatively unsaturated metal center.
Consequently, if formation of an alkarecomplex precedes
oxidative addition of a €H bond, then this same-complex
must also be an intermediate in the reductive elimination of an
alkane from an alkyl hydride complex. The structures proposed
for these alkane complexes inclugé-C,H, %-H,H, and#3-

Numerous transition metal complexes are known to oxida-
tively add alkanes to form alkyl hydride complexXeslkane
o-complexes are increasingly implicated as significant inter-
mediates along the reaction pathway toward oxidative addition
(eq 1)2 Direct study of the GH bond insertion step by a

-L R-H /R H,H,H. Among the many pieces of evidence for the existence
(LnetM] === [LaM] === [LM(R-H)] === LM () of alkane o-complexes are the observations of hydrogen
H exchange between a metal deuteride complex and its alkyl

ligands prior to reductive eliminatiofthe observation of inverse
coordinatively unsaturated transition-metal fragment has beenkinetic isotope effectand more recently, the direct observation
examined using fast spectroscopic techniques in liquified or of such complexes by TRIR antH NMR spectroscopiey!®

supercritical rare gasédpw-temperature gas matricégydro- Thermochemical studies also provide evidence for the interac-
carbon solutiorf,and in the gas phase. tions of alkanes with coordinatively unsaturated methls.
(2) (a) Janowicz, A. H.; Bergman, R. G. Am. Chem. S0d.982 104,
352. (b) Hoyano, J. K.; Graham, W. A. G. Am. Chem. S0d.982 104 H H R ,H
3723. (c) Janowicz, A. H.; Bergman, R. G.Am. Chem. Sod.983 105 M----- [ \ B - \
3929. (d) Hoyano, J. K.; McMaster, A. D.; Graham, W. A. JGAm. Chem. Co M. C M-.._ ,—~-C—R
S0c.1983 105 7190. (e) Jones, W. D.; Feher, FQkganometallicsL983 H/ \ "R / N H
2,562. (f) Seidler, P. F.; Wenzel, T. T.; Bergman, R.JGAm. Chem. Soc. H H H H
1985 107, 4358. (g) Baker, M. V.; Field, L. SJ. Am. Chem. So0d.987,
109 2825. (h) Ghosh, C. K.; Graham, W. A. G. Am. Chem. S0d.987, nz-C,H nz-H,H na-H,H,H

109 4726. (i) Hackett, M.; Whitesides, G. M. Am. Chem. Sod. 988
110, 1449. (j) Harper, T. G. P.; Shinomoto, R. S.; Deming, M. A.; Flood,
T. C.J. Am. Chem. S0d988 110, 7915. (k) Belt, S. T.; Grevels, F. W.; Norton and co-workers have shown thatZMD)(CHS) and

Klotzbucher, W. E.; McCamley, A.; Perutz, R. N. Am. Chem. S0d989 P
111, 8373, () Kiel. W. A Ball, R. G.. Graham, W. A. Gl Organomet. CpW(H)(CDs) exhibit intramolecular hydrogen exchange be-

Chem.1993 259, 481. (m) Jones, W. D.; Hessell, E. J.Am. Chem. Soc. tween the hydride and methyl ligands prior to methane reductive

1993 1%523554- (n) Wick, D. D.; Goldberg, K. J. Am. Chem. Sod.997, elimination’¢ Mass spectroscopy of the reductive elimination
117, 110235.
(2) Hall, C.; Perutz, RChem. Re. 1996 96, 3125. (5) (a) Lian, T.; Bromberg, S. E.; Yang, H.; Proulx, G.; Bergman, R.

(3) (@) Schultz, R. H.; Bengali, A. A.; Tauber, M. J.; Weiller, B. H.;  G.; Harris, C. B.J. Am. Chem. Socl996 118 3769. (b) Osman, R.;
Wasserman, E. P.; Kyle, K. R.; Moore, C. B.; Bergman, RIJ@&m. Chem. Pattison, D. I.; Perutz, R. N.; Bianchini, C.; Peruzzini, 31.Chem. Soc.,
Soc.1994 116, 7369. (b) Bengali, A. A.; Schultz, R. H.; Moore, C. B.; Chem. Commurl994 513. (c) Lees, A. J.; Purwoko, A. LLoord. Chem.

Bergman, R. GJ. Am. Chem. S0d.994 116, 9585. Rev. 1994 132 155.
(4) Haddleton, D. M.; McCamley, A.; Perutz, R. 8l. Am. Chem. Soc. (6) Wasserman, E. P.; Moore, C. B.; Bergman, RSGiencel 992 255
1988 110, 1810. 315.
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products from crossover experiments further support the in- and oxidative addition are measured, and determined to both
tramolecular nature of the rearrangements. A number of otherbe normal kinetic isotope effectsk(i/kp > 1). All of these

metal systems show similar exchanges in MEIH com- reactions are interpreted in terms of alkameomplexes as
pounds’ Girolami has recently observediynamic exchange intermediates.

between the hydrogens of the methyl group and the hydride The mechanism by which the isomerizations occur can be
ligand in (GMes)Os(dmpm)(CH)(H)".12 broken down into several key steps: (138 bond activation

Intramolecular rearrangement of an alkyl ligand has been and its reverse, reductive elimination without dissociation of
observed by Periana and Bergman, in addition to hydrogen/the alkane (these processes will be referred to herein more
deuterium exchange, in Cp*Rh(PNED)(13CH,CH,) at low specifically asreductve bond formationand oxidative bond
temperaturé® Migration of deuterium into thex position of cleavagg, (2) migration from ones-alkane bond to another,
the ethyl group occurs more rapidly than migration to fhe  and (3) dissociation of alkane from the alkaneomplex. The
position. Throughout the rearrangement the deuterium labelrelative rates of these processes, namely, dissociation vs
remains attached to thé*C-labeled carbon. Both migra- oxidative bond cleavage of alkane (eq 3), migration vs oxidative
tion processes are competitive with reductive elimination of bond cleavage (eq 4), and migration vs dissociation (eq 5), will
13C 2H-ethane.

Direct evidence for alkane complexes first came from the /H H
study of photochemically generated M(G@Y = Cr, Mo, W) —_— (M— — 3
fragments in alkane and alkane/rare gas matfig¢&eorge et ™ v \/\ M+ O
al. also observed transient species by FTIR assigned as alkane
complexes upon irradiation of Cp*Re(C£On hydrocarbon % H H
solvents® Recently, low-temperature observation of the metal M — [M]_\/\: MlI— )
fragment [CpRe(CQ) in cyclopentane by Ball and Geftakis \/\
provided direct;g)ectroscopic evidence for the formation of an H H
alkane complex? although the data could not distinguish __ . o
between a fluxionak?-C,H and am?-H,H geometry for the i >/ ) M \/\—> M+ @)
complex.

Earlier studies of the [TRh(L)] fragment show it to be
capable of activating a wide variety of alkane and areréHC determine the observed product ratios. Kinetic simulations based
bonds (eq 2). In this report we will elucidate several of the key on the results of isotopic labeling studies with severdRFp

(L)(R)D complexes has allowed for the determination of the

. hy , R-H . relative rates of each of these processes. Of particular relevance
TPRA(L)(PAN=L) -PhN=L [TP'RA(L)] TPRALIAH) ) to these studies is the prelimi‘;ary report bprIood on similar
rearrangements of [CnRh(L)RD]complexes (Cn= 1,4,7-
triazacyclononane), which will be compared with the present
resultst

L = CNCH,CMeg R = Me, Et, n-Pr, n-pentyl, phenyl

mechanistic features of the interaction of the’Rip(L)] metal
fragment with several alkanes (€ CNneopentyl, Th= tris- Results and Discussion

3,5-dimethyl lyl)borate). Reducti limination f _ .
( imethylpyrazolylborate). Reductive elimination from Preparation of Tp'Rh(L)(R)H Complexes. Synthesis of a

linear alkyl hydride complexes is examined. Additionally, i
d Ikvl hvdrid | b d t series of TIRh(L)(R)Cl complexes (R= Me (1-Cl), Et (2-Cl),
secondary alkyl hydride complexes are observed to rearrangen_Pr 3-Cl), n-Bu (4-Cl), n-pentyl G-Cl), n-hexyl 6-Cl)

int lecularly to give th table li Ikyl hydrid
inramoleci’arty 10 give tne more stav'e lingma Ky hydrice isopropyl @-Cl), andsecbutyl (4'-Cl); L = neopentylisocya-

isomers. Kinetic isotope effects on both reductive elimination > . . ; .
P nide)® is accomplished in reasonable yield (712%4C| to 34%,
(7) () Buchanan, J. M.; Stryker, J. M.; Bergman, R.JGAm. Chem. 6-Cl) by reaction of TfRh(L)Cl, with the appropriate Grignard

Soc.1986 108 1537. (b) Periana, R. A.; Bergman, R. &.Am. Chem. 6\ ;
Soc.1986 108 7332. (c) Bullock, R. M. Headford, C. E. L. Hennessy, reagent?® Yields of the secondary alkyl chloride complexes are

K. M.: Kegley, S. E.; Norton, J. Rl. Am. Chem. Sod.989 111, 3897. (d) much lower than those obtained for linear alkyl complexes, 31%
Parkin, G.; Bercaw, J. EOrganometallics1989 8, 1172. (e) Gould, G. L.; for 3-Cl and 13% for4'-Cl. The secbutyl derivative4'-Cl is
Heinekey, D. M.J. Am. Chem. Socl989 111 5502, (f) Stahl, S. S formed as a mixture of diastereomers in a 1:1 ratio and can be

Labinger, J. A.; B ,J. B. Am. Chem. So¢996 118 5961. (g) Wang, . o
Cé; '2512:’ J. W_;e,:rﬁ,%véy T.C JTAm.eghe,% 50%99% 117 {%)47.51(?1% separated by fractional crystallization from methanol. All of

Mobley, T. A.; Schade, C.; Bergman, R. G.Am. Chem. S0d.995 117, these chloro derivatives have been fully characterizedtby
7822. (i) Chernaga, A.; Cook, J.; Green, M. L. H.; Labella, L.; Simpson, S. NMR. 1B NMR. 13C NMR. and IR spectroscopies, as well as
J.; Souter, J.; Stephens, A. H. Bl.Chem. Soc., Dalton Tran£997, 3225. ' ' . ' . '

(8) Examples of inverst/ko: (a) Cpr(PMe)(H)(CeHrs) in CeDe at DY €lemental an_allySI;S, and are 167185Igned. as octahedtal Rh
130°C, 0.7(1) (ref 7a). (b) Cp*Rh(PMg(H)(C;Hs) in tolueneds at —30 complexes containing® Tp' ligands?’ X-ray diffraction studies
°C, 0.5(1) (ref 7b). (c) CAW(H)(CHs) in CDsCN at 72.6°C, 0.75(4) (ref have been conducted on comple2e€| and6-Cl, confirming

7¢). (d) CpuW(H)(CHs) in CsDs at 100°C, 0.77(7) (ref 7d). (e) [CiRe- ; ; ;
(HYCHRICT in CD2C3|2 at S% 0.8(1) (ref 7€), (f) [CNRA(PNEH)- the structural conclusions made on the basis of spectroscopic

(CHs)][BAr 4] in CeDs at 75°C, 0.74(2) (ref 7g). (g) (tmeda)P{GHH)(CI) data (see Supporting Information, Figures S-1 and S-2). Metrical
in CHzOH at—27 °C, 0.29 (ref 7f). parameters for the two structures show little difference in the

(9) By TRIR: Sun, X.-Z.; Grills, D. C.; Nikiforov, S. M.; Poliakoff,

M.; George, M. W.J. Am. Chem. S0d997, 119, 7521. (14) Flood, T. C.; Janak, K. E.; limura, M.; Zhen, Bl.Am. Chem. Soc.

(10) By NMR: Geftakis, S.; Ball, EJ. Am. Chem. S02998 120, 9953. 200Q 122 6783.

(11) (a) Brown, C. E.; Ishikawa, Y.; Hackett, P. A.; Rayner, D. M. (15) In this manuscript, compound numbers refer to the length of the
Am. Chem. Sod99Q 112 2530. (b) Klassen, J. K.; Selke, M.; Sorensen, alkyl chain; primes denote 2-alkyl (iso- or sec-) isomers; greek letters (
A. A.; Yang, G. K.J. Am. Chem. S0d.99Q 112, 1267. (c) Morse, J. M., B, etc.) denote the location of deuterium relative along the chain relative to
Jr.; Parker, G. H.; Burkey, T. Drganometallics1989 8, 2471. the metal.

(12) Gross, C. L.; Girolami, G. SI. Am. Chem. S0d.998 120, 6605. (16) (a) Synthesis of-Cl, 3-Cl, and6-Cl: Wick, D. D.; Jones, W. D.

(13) (a) Graham, M. A.; Perutz, R. N.; Poliakoff, M.; Turner, JJJ. Inorg. Chem.1997, 36, 2723. (b) Synthesis &-Cl: see ref 1m.
Organomet. Chenil972 34, C34. (b) Perutz, R. N.; Turner, J. J. Am. (17) Northcutt, T. O.; Lachicotte, R. J.; Jones, W.@rganometallics

Chem. Soc1975 97, 4791. 1998 14, 5148.
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Table 1. Summary of Kinetic Data for Reductive Elimination of
RH from TgRh(L)(R)H in GDs at 26°C?

complex

Tp'Rh(L)(Me)H (1)
Tp'Rh(L)(Et)H (2)
Tp'Rh(L)(n-Pr)H (3)
Tp'Rh(L)(n-Bu)H (4)
Tp'Rh(L)(n-penty)H )
Tp'Rh(L)(n-hexyl)H (6)

aErrors are indicated in parentheses at the 95% confidence level
(20).

kobs st

4.51(3)x 105
1.82(7)x 1074
2.63(7)x 104
2.77(14)x 104
2.70(8)x 104
2.76(6)x 1074

coordination geometry at rhodium, including the-Rba—Cp
angle of the alkyl group. Full structural details are included in
the Supporting Information.

Complete conversion to the corresponding alkyl hydride
complexes is effected by reaction of the alkyl chloride com-
plexes with [CpZrH,], in benzené? Conversion is generally
rapid (e.g.t12 ~ 200 s for conversion o8'-Cl to TPRh(L)-
(i-Pr)H,3). The hydride resonance for the primary alkyl hydride
complexesl—6 appears at ca —14.9 Jrp—n = 24.8 Hz) while
the hydride resonance for the two secondary alkyl hydride
complexes3 and4', appears abd —15.29 (Jrn-n = 25.2 Hz)
in C¢Dg solvent.

Reductive Elimination of Primary Alkyl Hydrides in
Benzene.Reductive elimination of alkane from the rhodium
primary alkyl hydride complexe$—6 in C¢Dg was monitored
by IH NMR spectroscopy at 28C. The reaction was found to
be first order in metal complex, producing alkane andRFp
(L)(CeDs)D as the only products. No intermediates or isomers
were detected. The rate of reductive elimination was determined
for each complex by least-squares fit of the data to an

exponential decay. The results are summarized in Table 1. Loss

of methane froni is about 4 slower than loss of ethane from
2, which is slightly slower (1.%) than loss of alkane from the
longer alkyl chain derivatives. The rate of alkane loss is identical
from alkyl hydride complexes with a chain of three or more
carbon atoms. An earlier study bshowed evidence for a minor
bimolecular component to the displacement of methane by
benzené® Consequently, all experiments reported here were
carried out in neat benzene solvent, so that the rate of formation
of Tp'Rh(L)(CsDs)D would appear first order.

Isomerization of Secondary Alkyl Hydride Complexes.In
benzeneads solution at ambient temperature "Rin(L)(i-Pr)H,
3, prepared fron8'-Cl and [CpZrH;],, is observed to rearrange
over the course of an hour to give theropyl isomer3. The
secondary alkyl hydride complex is easily distinguished from
the primary complex by virtue of the difference in chemical
shift and coupling constant of the hydride ligaddThe
isomerization of3 to 3 proceeds with a half-life of ap-
proximately 25 min. Competitive with isomerization is the
reductive elimination of propane fro® to give TPRh(L)-
(CgDs)D. Loss of propane fron3 produced in situ must also

J. Am. Chem. Soc., Vol. 123, No. 30, 2269
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Figure 1. Distribution of species for the reaction of Rh(L)(i-Pr)-
Cl, 3'-Cl, with [CpzZr(H)]2 in CsDg at 26°C.

Scheme 1
> CpoZrH /\ /
[Rh] [ p2 2]2 Rh] __> [Rh
\CI CGDG
3.l Kab 3 3
K = 4.03x 1073 57! ko l ko
Ko = 6.96 x 107 5‘1 CeDs
keg = 3.09 x 10" s [Rh]<
kog=1.07x 103 8™ D

Scheme 2

ﬁ [CpoZrtoly j /—/\
“ci o
a-cl kab 4 4
Koy = 1.46 x 107 8™ kog lkcd
Ko = 1.09 x 1o‘j s': CeDs
Keg=270x10"s [Rh]\
Kog=1.55x 1072 g™ D

since GDg solvent would scavenge any [Rh(L)] produced

by reductive elimination followed by dissociation of alkane.
The secbutyl derivative shows similar behavior. Reaction

of a 1:1 mixture of diastereomers @f-Cl with [Cp,Zr(H)2]2

affords a 1:1 mixture of diastereomers4dfBoth diastereomers

are observed to decay at the same rate to afford the rearranged

n-butyl hydride,4. Loss of butane from#' to give TgRh(L)-

(CsDs)D is competitive with the rearrangement process (Scheme

be occurring at the same rate as that measured from the2). Identical rates are observed when the reaction is performed

independently prepareapropyl hydride, contributing to the
appearance of TRh(L)(CsDs)D. The distribution of species is
shown in Figure 1. An empirical fit of the kinetic model shown

with a single diastereomer. Reaction of one diasteriomdf-of
Cl (isolated by crystallization) with [GZr(H),]» gives only one
diastereomer o', implying that the CI/H exchange is ste-

in Scheme 1 to the observed data required the presence of aeospecific and that reversible reductive bond formation and

direct pathway from3' to TPRh(L)(CsDs)D as TpPRh(L)-
(CsDs)D is formed more rapidly thar8. Importantly, the
rearrangement o8 to 3 must be occurring intramolecularly

(18) Wick, D. W.; Reynolds, K. A.; Jones, W. 3. Am. Chem. Soc.
1999 121, 3974.

(19) This phenomenon has been noted by others: Janowicz, A. H.;
Bergman, R. GJ. Am. Chem. S0d.983 105, 3929.

oxidative bond cleavage of thiieC—H bonds isnot occurring.

To further examine the nature of the rearrangement, the
isotopically labeled isopropyl deuteride compl&kd; was
prepared by use of [GErD,], as the hydride source in the
reaction with3'-Cl. A doublet of 1:1:1 tripletsd 0.832,Jun =
7.1 Hz,Jup = 1.2 Hz) is observed for the methyl groups in
free propane produced during the reductive elimination of
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Scheme 3.Reductive Bond Formation fror®-d; Is

Irreversible
2
\D H

3-d, 3a-d;
H D CgDs
e
[Rh]\ D - . +[ \
H D
3p-d,

propane from3'-d; (6 0.848,Jyy = 7.2 Hz). The methylene
resonance, a septet in fully protonated propa@n.25), appears

as a broad multiplet of low intensity. These results are consistent

with the formation of CHCHDCH; in loss of propane from
3-ds.
The isopropyl hydride isotopomer, TRh(L)(CD(CHs)2)H,

wasnotobserved, as might be expected for a reversible reductive

bond formation/oxidative bond cleavage process aftharbon

Northcutt et al.

Measurement of Kinetic Isotope Effects.Use of [CpZr-
(D)2]2 in place of [CpZr(H).]. allows for the formation of the
deuteride isotopomersl—4'-d;. As mentioned above, for
complexes3'-d; and4'-d; the deuterium label is observed only
in the secondary position of the alkane upon reductive elimina-
tion. No scrambling of the label into primary sites is observed.
No secondary hydrides were observedHyNMR spectroscopy
during the rearrangement and elimination of alkapé&om 3'-

d; and 4'-d;, consistent with an irreversible reductive bond
formation process. These latter observations allow for the
measurement of a kinetic isotope effect for the fundamental step
involving reductive bond formation to generate an alkane
og-complex (eq 7), which corresponds to the ratio of the observed

P . 7 fast H

rl  as R gy |
CHMeR CHMeR CH,CHDR

l / lfast (7)
/H
[Rh]
Rh] + MeCHDR

[Rh] + Me \CHQCHDR

(Scheme 3). Furthermore, the deuterium label was observed onlyyate constantskfc + kog/(Koe + Kod)o in Schemes 1 and 2,

in the secondary positions in bo®8-d; and free propane; in
the 2H NMR spectrum of the reaction at intermediate times.
The lack of isotopic scrambling into the-position of 3'-d;
implies thatrearrangement and/or dissociation are/faed aer
activation of the secondary €H bond, i.e., reductie bond
formation in isopropyl hydride' is irreversible

Similar observations are made with teecbutyl deuteride
derivative. Deuterium substitution id'-d; resulted in the
appearance of label imothsecondary positions d; produced
in situ (eq 6). The concentration of the label is slightly higher
in the 5 position (17%43-d;) than in they position (14%4y-
d;) as observed byH NMR spectroscopy. (See Supporting
Information.)

£ :
[Rh]\ [Rh]<\g\+ [Rh]/\)\
D H

AN
H
4y-d,

(6)

4'-d, 4p-d,

The selectivity of the [THRh(L)] fragment for activation of
primary C-H bonds over secondary-€4 bonds in normal
alkanes has been previously report@dConclusions regarding
the kinetic vs thermodynamic origins of this selectivity remained
uncertain in this earlier work. Since only primary alkyl hydride

since re-addition to a secondary-& bond is slow relative to

migration and insertion into a terminakH& bond or dissocia-

tion. For 3'-d; the measured isotope effedi(kp) was 2.1, a

normal isotope effect. Fod'-d; a similar value was obtained
(kn/kp = 2.7).

The isotope effect on the reverse reaction, oxidative bond
cleavage of a €H bond in an alkane complex, has also
been determined. Photolysis of Rh(L)(;7>-PhN=C=NCH,—
C(CHy)3), 7, at 5°C in CgFg in the presence of CiD, leads to
the formation of a mixture of EH and C-D activated products,
presumably via a methanecomplex (eq 8).H{?H} NMR

, H
[Rh)(0-CHzD;) [Rh]< N [Rh]<
CHD,
43 1
1a-d; 1b-d,

25°C

CH.D

(8)

1.7 1

analysis at 9C at early reaction times reveals a 4.3:1 mixture
of Tp'Rh(L)(CHDy)H, lad,, and TPRh(L)(CH,D)D, 1b-d,.
Assuming that ther-CH,D, complex has equal access to the
C—H and C-D bonds (vide infraf this ratio reflects the kinetic
isotope effect on oxidative bond cleavage in an alkane complex,
which is again observed to bermrmal kinetic isotope effect.

products were observed, it could be possible that secondary|,q, standing at room temperature, this mixture equilibrates

C—H activation occurred initially but that these kinetically

formed species rearranged rapidly under the reaction conditions

to the thermodynamically preferred primary derivatives. The

present experiments show, however, that the lifetime of the

isopropyl hydride is sufficiently long that detection &funder

the conditions employed in the low-temperature photochemical

activation of propane by TRh(L)(#;2-PhN=C=NCH,C(CHg)3),

7, would have been possible were it present within the reaction.

Given the lack of secondary-€H bond activation in the earlier

to yield a 1.7:1 ratio ofla-d, and 1b-d;. A more thorough,
quantitative treatment of H/D scrambling will be given in a
subsequent section.

Alkaneg-complexes are increasingly implicated as significant
intermediates in €H bond activation, and the observation of

(20) In the o-cyclopentane complex described by Ball, the metal was
believed to rapidly migrate from one-@H to the other within the same
methylene unit, although ag?-H,H binding geometry could not be ruled
out. In studies of an agostic methyl group by Shapley ig{O4,D)(CO)3,

alkane activation experiments and the observed rearrangementnigration between €H and C-D was fast on the NMR time scale and a

of 3' to 3, it can be concluded th#e actvation of the primary
C—H bonds by [TERh(L)] is both kinetic and thermodynamic
in nature

preference for binding €H vs C-D was only 1.25 (see ref 27). In the
present system, a similar slight preference for bindirgH3/s C—D bonds
may be present, although studies of [Cp*Rh(CO)] in liquid krypton show
a distinct preference for binding-€D bonds over €-H bonds (see ref 3).



TP Rh(CNneopentyl)(R)H Complexes) J. Am. Chem. Soc., Vol. 123, No. 30, 2P61

an inverse kinetic isotope effect for reductive elimination from
metal alkyl hydride complexes is commonly cited as providing
evidence for these specigéghese inverse isotope effects are
often explained by the presence of a preequilibrium involving
an alkaneo-complex followed by a rate-determining alkane |
dissociation step with the observed isotope effect being the — »+ .||
product of the equilibrium isotope effect and the kinetic iSotope /" Wi, | | s cm wiiessemmniesdmindigon, ,,mea,,A,\f,wﬁ_\&,m’ i
effect,K-k (eq 9). Inverse isotope effects, however, can also be S

accommodated by single-step mechanisms provided the tranS|-Figure 2. Sample?H{'H} NMR spectrum of the rearrangement of

tion state is sufficiently late (i.e., a very product-like transition 1 yRp(L)(CH,CH,CHs)D (3-di, ®) to TPRh(L)(CDHCHCHz)H (3a-
state)* dy, W, 2 diastereomers) and "Rh(L)(CH.CH,CDH,)H (3y-dy, #) in
CsHs. Free propaneh (O) appears ab 0.67.

]

0 T 4 5 k! Co 2 12 ppm

R
K
LnM< — [LyM(R-H)] —k> [LaM] (9) loss: (1) scrambling of deuterium onto tlhecarbon and (2)
H scrambling of deuterium into the terminal methyl group of the
n-alkyl chain. The label was observed in both the and
Normal kinetic isotope effects were observed for the reductive S-positions with ethyl comple®-d;. Theo-scrambled product,
elimination of alkane from3' and 4'. Additionally, no H/D 2a-dg, grew to a maximum of 23% of all observable'Rp(L)
exchange at the secondary position was observed over the coursspecies, while thes-migratory product,25-d;, grew to a
of the reaction. These observations are consistent with the trendmaximum of~16% over 450 min (eq 10). Similar reactivity
noted by Bercaw and Labinger, in which only complexes was observed by Bergman in the doubly labeled complex
exhibiting H/D scrambling showed inverse isotope effécthe Cp*Rh(PMe)(*CH,CHs)D although relative amounts were not
lack of scrambling in secondary alkyl deuteride complexes quantified?
allows the isotope effect on reductive bond formation from a
secondary alkyl hydride to be unambiguously assigned.

The C-H/D bond activation of CkD, by 7 is, to the best of TP(LRA(CHCHa)D === Tp'(L)RN(CDHCH,)H

- . . - 10
our knowledge, the first direct measurement of an internally 2-dy 20-c4 (10)
competitive kinetic isotope effect on the oxidative bond cleavage + Tp'(L)Rh{CHCDHy)H
of a o-complexed alkane by a transition metal complex. The 2p-d,

use of an inert solvent, ¢€s, precludes side reactions with
solvent. Photolysis and spectroscopy at low temperature place S ) )
the reaction under kinetic control, i.e., no rearrangement of the ~ COmplexes3-d; to 6-d; exhibit similar behavior as monitored

initially formed bond activation products occurs. Statistically, PY “H{*H} NMR spectroscopy (Figure 2), with-scrambled

C—H and C-D bond activation are equally likely in G, products growing to a maximum of +&3% of the observable
making the observed product ratio a direct reflection of the Species. As mentioned above, incorporation of the deuterium
isotope effect for oxidative bond cleavage of theomplexed ~ label into theterminal methyl groupf the alkyl ligand was

methane. The value obtained, 4.3, is normal and larger thanalso observed. The amount of the terminally labeled species
the isotope effect observed on reductive bond formation from decreased as the chain length of the alkyl ligand increased, with
3 and4'. Any H/D scrambling occurring before acquisition of ~8% of the label observed at the terminal methyl groupjn

the firstIH{?H} NMR spectrum would serve only ecrease d; to a minimum of ~4% observed in5e-d;. The methyl

the observed product ratio, making 4.3 a minimum value for resonance of free hexawgobscured the small amount of label
the isotope effect on oxidative bond cleavage. If we assume present in the methyl group @-dy, so that the amount of

that the isotope effect on reductive bond formation to generate scrambled product could not be quantified. No other intermedi-
an alkane complex is similar for different alkanes then these ates were observed during the course of the reaction.

two kinetic isotope effects can be combined to give an

equilibrium isotope effect of~0.5 for the preequilibriumk) ThDe_talled Metghanlsrg of Isog:_erlzatlon and S(;)rambh(ri\g_. th
prior to alkane dissociation in eq 9. This inverse value is similar € Isomerization and scrambliing processes observed in the

to that seen for the overall loss of alkane fromiR(L)(CD)D  |P'RN alkyl hydride system can be accommodated by several
vs TPRN(L)(CHs)(H), whereky/ko = 0.6218 different reaction .mechamsms. However,. t.he |ntramollecullar
Also of relevance is the direct measurement of isotope effects nature of the reactions as well as the selectivity of the activation
on C—H vs C—D oxidative bond cleavage of cyclohexane and @nd isomerization process allow several of these possibilities
neopentane by [Cp*Rh(CO)]. In these fast IR studies, direct t0 be discounted. Previous work by Bergnfgand Flood” has
kinetic evidence was obtained for normal isotope effects on shown that the intramolecular rearrangement of alkyl hydride
oxidative bond cleavagé(/ko = 4.4 at 25°C) 3 almost exactly ~ complexes does not take place via a reversjsiaydride

what is seen in the present case usingCH elimination/insertion pathway. The observation of retention of
Scrambling and Migration in Primary Alkyl Deuteride deuterium-labeling with the appropriate carbon in the present
Complexes. The isotopic scrambling ofi-d; to 6-d; were studies also argues against this pathway. A mechanism in which

monitored by?H{'H} NMR spectroscopy at 2&. As described the terminal methyl group of a straight-chained alkyl ligand is
in a previous paper, TRh(L)(CHs)D, 1-d;, scrambles with activated to give a metallocyclic complex that then eliminates
Tp'Rh(L)(CH:D)H, la-d;, at a rate competitive with loss of  to give an isomerizea-alkyl complex can be ruled out for
CHsD (see below}? For the other alkyl derivatives, two  several reasons. With increasing chain length, which might be
processes were generally observed to be competitive with alkaneexpected to make the metallocycle more stable and thus lead

(21) Cheng, T-Y.; Bullock, R. MJ. Am. Chem. S0a999 121, 3150 to increased appearance of the label at the terminus, migration
3155. of the label monotonically decreases. Also, the¥ Ripecies
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3-d, 30-dy opportunities for dissociation of alkane as the metal center
u migrates down the alkyl chain. The amount of scrambling of
the deuterium label into the position, however, is nearly the

[RA] with 2 or more carbons~20%). A similar primaryo-alkane

_H same for all linear alkyl hydride complexes with alkyl groups
)\ complex is involved in thex-scrambling process in each of

ﬂ D these, and consequently, the extene$crambling is nearly
H /H identical in all of the alkyl deuteride complexes.
RA—[ === [Rh] Appearance of the label in the terminal methyl group of the
longer chain alkanes (i.e. butyl or pentyl) requires migration
3y-dy from secondary-to-secondary—®& bonds ino-alkane com-
D plexes. Secondary-to-secondary migration is also observed in

D the rearrangement afecbutyl complex4'-d;. The deuterium

] ) ) ] label appears in both secondary positigharidy) of then-butyl
generated as an intermediate in such a mechanism wouldcomplex that is formed (Scheme 6), indicating that migration
necessitate an® or n* Tp' ligand?? occurs to each end of the chain. Appearance of the label in the

Most consistent with the observed data is the presence of 5-position during the scrambling @Ebutyl deuteride complex

alkane complexes as intermediates in the isomerization and4.d, also necessitates migration from secondary-to-secondary
migration processes. The earlier flash studies by Bergman andc—H bonds.

Harris with TORh(CO) provided direct evidence for the One additional feature present in these systems needs to be
intermediacy of such a speci#gOnce such an alkane complex  addressed, namely, the hapticity of the igand during these
is formed, the relative rates of migration, insertion into-akC reactions. Earlier studies by Bergman and Jones suggest that

bond, and dissociation will control the observed product ratios. the RH species commonly contain aj*-Tp' ligand whereas
This.detailed mechanistic sequence can be applied to the presenhe RH' species have an3-Tp' ligand. Ultrafast studies of
studies. Tp'Rh(CO) by Bergman show direct evidence for suchigin
Reductive bond formation from a secondary alkyl hydride to 42-Tp' conversion, and the rate is extremely fast{ 200
complex such as isopropyl hydricd® generates a secondary ps)5aSuch interconversions, if they occur in the present system,
o-alkane complex. Migration to a primary- bond followed  are also likely to be rapid and reversible and therefore do not
by oxidative bond cleavage of the primary-@ bond, and  have to be specifically included in a kinetic model of the
dissociation of the alkane to generate the"1Bagment which mechanism. It should be kept in mind, however, that any
activates @Dg solvent, are competitive processes, as observed hapticity changing equilibria are included in the rate constants
by growth of then-propyl hydride3 and TpRh(L)(CsDs)D that are obtained.
(Scheme 4). Lack of insertion into a secondary K bond Kinetic Simulation of Alkane Migration: Methane. The
implies that the barrier for a secondary-@& bond activation  detailed mechanism for the scrambling of the deuterium label
must be higher than that for alkane dissociation and/or migration into the methyl group ofl-d; is presented in Scheme 7. Five
from a secondary position to a primary position in an alkane intrinsic rate constants govern the process, with the relative rates
o-complex. controlling the observed product ratios. With only three observ-
o-Alkane complexes also account for the scrambling of able species in the present studydg, 1a-d;, and methaneh),
deuterium label into the- and terminal-methyl positions in  an exact solution for all of the rate constants is not possible.
the normal alkyl deuteride complexes suclBa (Scheme 5). Several assumptions may be made, however, which simplify
The intermediacy of alkane complexes also explains the decreasghe scheme and render the problem solvable: (1)-aH®onds
in label migration to the terminal end of linear alkyl hydride at a given carbon are accessed eqdalgnd that exchange
complexes with increasing chain length. With each additional between;2-C,H coordination at a given carbon ofcaalkane
methylene unit the percent migration decreases as there are morgomplex is sufficiently rapid that it is kinetically unimportant,
(227 Tp ligands are extremely rare. For an example with Rh see: (2) the isotope effect on reductive bond formation to generate

Paneque, M.; Sirol, S.; Trujillo, M.; Gutierrez-Puebla, E.; Monge, A.; @ o-alkane complex is the same for all alkyl hydridst@F(E/
Carmona, EAngew. Chem., Int. E®00Q 39, 218. koRE = 2.1), and (3) the rate constant for oxidative bond
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Figure 3. Distribution of species for the rearrangementaf; in CsDg
at 26 °C. Symbols represent observed data. Solid lines represent Scheme 7
simulated data.

D H
Table 2. Summary of Simulated Rate Constants for Isotopic [Rh]< [Rh]<
Scrambling of1-d; in CsDe at 26 °C2 CHs CDH,
1-d,
rate constant k st lo-dy
H 4.18 (9)x 104
kk:zED 1.99 §4gx 104 koa® LkRED ke Bkon'"
koaH 2.15x 10
koaP 4.3 (4)x 10°
Kq 8.0 (2)x 10° fast ke
aRate constants that were allowed to vary independently are indicated [Rh]—‘ — [Rh]_" — [Rh]+ CH4D
|(r£ b)old. Errors are indicated in parentheses at the 95% confidence level CHs CDH,
0).
cleavage to a €H bond in an alkane complex is similar to Scheme 8
that observed by Bergman and Harris in their study of oxidative D kel D 2kop! H
addition by the [TERh(CO)] fragment Koa™ = 2.15 x 10° [An — [Rh]_)\ R p
s71).521t will be shown that this latter assumption is necessary kon? H kae" Y
to numerically simulate the observed data, but that the actual 20-d;
value assumed for this rate constant is irrelevant to the 2-d, PR Ky
selectiities available to thes-alkane complex. m”u i
Simulations were carried out using Frieden’s KINSIM/ H H
FITS_IM prf‘)g_ra"m,_ wh|ch_ incorporates Gear's _methqd _for_the [Rh]/ RE (Rhj— > [Rh] + CHsCH,D
solution of “stiff” differential equations and permits optimization — K/D Ky
of rate constants for a given mechani&hfrigure 3 shows the 23-d, 3koa
agreement between the observed and simulated resultsifor D

Summarized in Table 2 are the results of the kinetic simulation

performed using the assumptions presented above. While thein good agreement with previous estimates of the strength of
absolutevalues of the fast rate constants are dependent uponthe alkane-metal interaction €10 kcal/mol), established in
the value used in assumption 3 above,riative values remain studies of photochemically generated metal fragments in alkane/
unchanged whekoat was varied over 6 orders of magnitude. rare gas matrices¢ The value forKeqobtained for the observed
The free energy diagram for the oxidative addition of {DH equilibration of 1-d; and lo-d; based on the results of the
by [Tp'RhL] is presented in Figure 4. In this diagram, simulation is 7.1, in good agreement with the observed value
represents the assumed barrier for oxidative bond cleavage ofof 6.3 near the end of the experiméffhe value for the kinetic

a C-H bond in an alkane complexoa™, and cannot be isotope effect on oxidative bond cleavageA™/koaP) obtained
determined from the current experiments. In essence, the freefrom the simulated values is 5.0, only slightly higher than the
energy of thef-CH3zD) o-complex cannot be determined. The isotope effect measured in the photochemical oxidative addition
value forkoa™ measured by Bergman and Harris, 2:1510° of CH,D, by 7 of 4.3. The good agreement of the simulated
s™1, corresponds to a value faof 8.2 kcal/mol. The simulation  values with the directly measured values provides support for
provides the relative rates for the processes available to thethe validity of the assumptions concerning isotope effects made
methanes-complex. The relative rates of-¢H oxidative bond in the simulation model.

cleavage to dissociation to«D oxidative bond cleavage are Kinetic Simulation of Alkane Migration: Ethane. Similar
15:2:1, and include the statistical factors appropriate foglH  treatment of scrambling and migration data for ethyl deuteride
For CH; itself, the rate of oxidative bond cleavage to dissociation complex2-d; yields rates of oxidative bond cleavage, reductive

can be predicted to be 11:1k#hH/ky). bond formation, and dissociation as well as the rate of primary-
The barrier to dissociation of methane to generaté RFp to-primary migration (Scheme 8). The value for the rate constant
(L)] from the methaner-complex of 9.4 kcal/mol (1.2 x) is for oxidative bond cleavage of-€D bonds koaP) obtained in

(23) Prof. Carl Frieden, Department of Biological Chemistry, Box 8231, the simulation of Scramb“ng i-dy was used for simulation

Washington University School of Medicine, St. Louis, MO 63110. Available  Of 2-01 and held constant (i.e., the isotope effect for oxidative
on the web; search KINSIM. bond cleavage was maintainedkgh/koaP = 4.97). With2-dj,
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Table 3. Summary of Simulated Rate Constants for Isotopic /H D P D
Scrambling of2-d; in CeDs at 26°C? [Rh]\)\ RE
rate constant k s1 H —[Rn]
! 3p-d, Skoa H
kre" 6.58 (9)x 1074
kee? 3.13(9)x 104 _ S
koaH 2.15x 10° present in the rearrangement of the ethyl deute2ide (Figure
kkﬁAD 3-83;;) 10;06 5) than was observed in the reactionlel; (Figure 3) due to
1 . % . . . e
K 155 (9)x 10° the increased relative rate of dissociation and the presence of

another pathway, namely migration to th# position of ethane.

2 Rate constants that were allowed to vary independently are indicated gjmilar migratory behavior was observed for C *RQH,-
in bold. Errors are indicated in parentheses at the 95% confidence IevelCH D b g y d Periarfa P 2
(20). 5)D by Bergman and Periarfa.

Kinetic Simulation of Alkane Migration: Propane. Kinetic
an additional rate constant appears for migration of the metal simulation of deuterium scrambling and migration in propyl
from the primary G-H bond on one methyl group to the other  deuteride complex3-d; proved to be too complex to solve
(km]_]) The comparison of simulated and Obse.rved.data is shown unique]y. Several new rate constants are introdu@ﬂnary_
in Figure 5, and rate constants are summarized in Table 3 andyy_secondary migration k), secondary-to-primary migration
presented as a free energy diagram in Figure 6. (kn21), and dissociation from a secondary centep)tkwith no
Relative rates of oxidative bond cleavage, migration, and 4qgitional observed data compared 2edi. The proposed
; fati . H
d|ssDoci%t.|;).r:1.(:)Lf @35[; are as fo(I::ons. Bon >f km(1)1 ; kdd>_ mechanism for rearrangement is presented in Scheme 9. The
Koa? (10:7:4:1). Oxi Jative bond cleavage of O bond Is 06 gihle nature of the reductive elimination of propane from
the slowest process involved, as was the case for scrambling in. . . . .
isopropyl deuteride comple®'-d; yields a mechanism for

1-d;. Like methane, oxidative bond cleavage of a methylHC X .
bond in GH is faster than ethane dissociation but only by a rearrangement identical to that f&d; (Scheme 10), apart from

factor of 4 instead of 11 AAG* is only 0.9 kcal/mol). statistical factor§, beginning at tne isopropyl isorﬂeql rather
Consequently only-23% a-scrambling is seen prior to ethane than th_en-propyl isomer. While this nddltlonal dat_a mlght appear
loss compared with-50% in methane. Migration from primary 0 provide the necessary observations to permit a simulation of
C—H bond to primary G-H bond occurs at approximately twice this kinetic system, the problem still arises that the free energy
the rate of dissociation. The effects of the relative rates on of thesecondary-propane complex cannot be determined from
product ratios are easily identifiable in the distribution of species these experiments. Consequently, the energy of the secondary
plots, with much less of thew-scrambled product~(23%) o-propane complex waassumed to be the sarae that of the
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primary o-propane complex* While few quantitative data are
in the literature, this assumption is consistent with the photo-
acoustic data measured by Rayner et al., in which CrécCO)
(hexane) vs Cr(CQjcyclohexane) were found to have similar
stabilities?®

A simultaneoussimulation using kinetic data for both
reactions with the above constraints allows for determination

J. Am. Chem. Soc., Vol. 123, No. 30, 2264

Table 4. Summary of Simulated Rate Constants for Isotopic
Scrambling of3-d; and 3'-d; in C¢Ds at 26°C2

rate constant k, st
ke 1.31(2)x 103
KreP? 6.2 (2)x 10
koaH 2.15x 10°
kOAD 4.33x l@
km12 4.3 (9) X 1(ﬁ
km21 4.3 x 105
Ka1 1.26 (47)x 1¢°
ka2 3.9(14)x 10°
kRE2 8.1 (5) X 104
kelP 1.79 (14)x 10°2

2 Rate constants that were allowed to vary independently are indicated
in bold. Errors are indicated in parentheses at the 95% confidence level
(20).

[Rh] +
CHACH,CH,D
g +X
215
D Y /
~ H -
[Rh] B H
NG rRh1T
3-dy D
3a-di p 3y-dy

Figure 9. Free energy diagram for the activation of §HH,CH,D by
[Tp'Rh(CNR)]. Barriers to oxidative addition/reductive elimination from
the secondary position are omitted for clarity.

o-alkane complex, oxidative bond cleavage and migration to
the interior of the chain occur at about the same rate; dissociation
is ~4—5 times slower, as in ethane.

These results are consistent with the observations made in
photolytic activation of propane by, which showedonly
formation of primary activation produ&.!™ When bound to
the middle of the propane chain, dissociation and migration to
the end are much faster than activation. Hence, no secondary
activation is observed, leading to the observed kinetic selectivity
for the activation of primary €H bonds.

The equilibrium constant separating a primasyalkane

of all rate constants (5 variables, 8 observables). The comparisorcomplex and a secondanyralkane complex cannot be estab-

of observed and fitted data is shown in Figures 7 and 8. The
rate constants obtained from the simultaneous kinetic simulation

lished from the rate constant rakigiZkm21, Since the assumption
that the primary and secondasycomplexes are at the same

are presented in Table 4 and presented as a free energy diagramnergy amounts to an assumption that these rate constants are
in Figure 9. The simulation again provides information regarding equal. These experiments only tell about the relative barrier
the relative rates of the processes determining the fate of theheights seen by eachalkane complex separately, as indicated
alkane complex. For the propyl deuteride complex, the relative in the free energy diagram in Figure 9. One cannot learn about
rate is of the following orderkmz1 ~ kaz; 2koat ~ kmiz > ka1 the absolute free energies of the alkane complexes from these
> koaP = 1.1:1:10:10:3:1. studies. Two studies that address the relative stabilities of various
The following key points can be drawn from the simulated alkane complexes are those using TRIR measurements of alkane
data. First, when propane is bound in the middle of the alkane binding to [W(CO}]*'2and fast IR studies looking at competi-
as a secondarg-alkane complex, dissociation and migration tion between Kr and alkane with [Cp*Rh(CCGfThese studies
to the end of the chain occur at nearly the same rate. Secondgenerally showed that alkane binding was favored for longer
when propane is bound at the end of the alkane as a primarylinear alkanes over ethane by-2 kcal/mol and that cyclic
alkanes bound more tightly than linear alkanes {&¥ kcal/

(24) Attempts to simultaneously simulate both thpropyl and isopropyl

experiments showed a strong correlation coefficient relatingand kmz1
(0.99999), consistent with the concept that the energy of the secondary
alkane complex cannot be determined from these experiments.

(25) Brown, C. E.; Ishikawa, Y.; Hackett, P. A.; Rayner, D. 31.Am.
Chem. Soc199Q 112 2530. The error limits on the alkane binding strengths
make the data of little value for determining the relative binding energies
in the present system.

mol). The nature of the binding of the linear alkanes could not
be determined (i.e., primary vs secondary binding).

Kinetic Simulation of Alkane Migration: Butane. A similar
kinetic simulation of the rearrangementrebutyl deuteridet-d;
(Scheme 11) angecbutyl deuterided'-d; (Scheme 12) has been
possible by varying simultaneously the same five rate constants
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as for 3-d; and 3'-d;. In addition, the new rate constant for
migration from a secondary alkamecomplex to a secondary
alkane o-complex kn22 was also varied, thereby giving the

appropriate ratio of the two isome#-d; and 4y-d;. The

resulting rate constants are listed in Table 5, and the fits are
shown in Figures 10 and 11. For the primary alkansomplex

of butane, oxidative bond cleavage is favored over dissociation
by ~6:1 and over 1—2° migration by~2:1. For the secondary
alkaneo-complex of butane, 2-2° migration is favored over

(26) McNamara, B. K.; Yeston, J. S.; Bergman, R. G.; Moore, CJ.B.

Am. Chem. Sod999 121, 6437.

Northcutt et al.

Table 5. Summary of Simulated Rate Constants for Isotopic
Scrambling of4-d; and4'-d; in C¢He at 26°C2

rate constant k, st
kre 1.01 (3)x 1073
keel 4.82 (15)x 104
koaH 2.15x 108
kOAD 4.33x l@
km12 3.5 (8) X 1(ﬁ
km21 3.5 (8) X 106
Km22 1.2 (6)x 10/
Kd1 1.08 (35)x 10®
Kdz 1.71 (49)x 1¢°
Kre2 7.67 (21)x 104

2 Rate constants that were allowed to vary independently are indicated
in bold. Errors are indicated in parentheses at the 95% confidence level
(20).
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Figure 10. Distribution of species for the rearrangementded, in
CsHs at 26°C. Symbols represent observed data. Solid lines represent
simulated data.
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Figure 11. Distribution of species for the rearrangement4bf; in
CsHs at 26°C. Symbols represent observed data. Solid lines represent
simulated data.

2°—1° migration by ~4:1. Dissociation of the 2 c-alkane
complex occurs about :5faster than the °lo-alkane complex.
Kinetic Simulation of Alkane Migration: Pentane and
Hexane.The similar isomerizations and alkane loss from pentyl
deuteride comple%-d; could be observed, but the small quantity
of end-to-end migration made simulation difficult. In the case
of hexyl deuteride comple&-d;, the migration to the opposite
end of the chain could not be quantified, both because of the
small quantity of the complex formed and because of the
similarity of the chemical shift of the deuterium 6y-d; and
hexaned;. In both cases, however;deuterium scrambling was
seen to the same extent as in thpropyl andn-butyl deuteride
species (Figures 12 and 13). The distribution of species in these
systems can be simulated using the rate constants obtained from
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100 Third, to solve the ethyl deuteride scrambling simulation it
is also assumed that the isotope effect on oxidative bond
- 7 cleavage is the same in the formation of rdalkyl hydride

complex as it is in the formation of the methyl hydride complex
(koaH/koaP = 5.0). This is a reasonable assumption in that in

e
s :Z{22}EE:ECCHﬁchéchéchﬁfH either case the factors that make reaction of one isotope favored
° & = [Rh](CHCH,CH,CH,CH,D)H over another (zero point energies, bending energies) are similar
° A = [RN](Ph)H in this series of compounds. The independent measurement of
251 fae, Koa/koaP with CH,D, confirms that this assumption is reason-
able.
Finally, we assumed in our treatment that equilibration
0 ‘ ‘ ‘ ' between the various-€H and C-D bonds on a given carbon
0 s 100 150 200 250 center in an alkane-complex is rapid, and that these species
time (min) are equally accessible. In thecyclopentane complex described
Figure 12. Distribution of species for the rearrangemented; in by Ball, the metal was believed to rapidly migrate from one
CeHs at 26°C. Symbols represent observed data. Solid lines represent C—H to the other within the same methylene unit, although an
simulated data. 72-H,H binding geometry could not be ruled ddtin studies
100 of an agostic methyl group by Shapley in gg3H,D)(CO)1,
A migration between €H and C-D was fast on the NMR time
scale and a preference for binding-8 vs C—D was only
75 1.2527 More to the point, in a recent study by Etienne, an
= intramolecular agostic equilibrium isotope effect was directly
° W = [RNJ(CH,CH,CH,CH,CH,CH)D measured to be 1.2 in a niobium ethyl derivafi¥é the present
5 501 ::Eg:ﬁg:Sg&g’:?&f&fiﬁ; system, a similar slight preference for binding-B vs C-D
2 & = [RR(PR)H bonds is also likely to be present. This equilibrium effect
o5 | betweeny2-C,H and#2-C,D alkaneo-complexes is of small
(but probably real) importance in the kinetic treatment used here.
One alternate way to view this effect is to say that all of the
0 koaP values obtained here include in them an equilibrium
0 50 100 150 200 250 contribution to the rate constant, estimated to contrib«28%
time (min) of the kinetic isotope effect. In the absence of relevant data

i o ) ] here, and considering the small magnitude of this correction,
Figure 13. Distribution of species for the rearrangement6ad, in the present treatment using the assumption of equal access to
CsHe at 26°C. Symbols represent observed data. Solid lines represent ~_ 1 ond C-D bonds was adopted. One contrary report
simulated data. : IS

suggests that intermolecular equilibrium isotope effects favor

. . . . b binding of C-D bonds, but in contrast to the present system

the Isomerization of butyl deuterides and varying okke”, the alkane in this example was weakly bound and freely

since no new fund{_amenta_l rate constants are nOW.need.ed'.Theexchanged with other alkanes in the krypton solvent prior to

agreement shown in the figures is quite good, again indicating oxidative bond cleavage

he validity of the kinetic model. . o o

t Z a dtly of the i etﬁ ootl)e deinth detailed kineti It is also worthwhile to compare the quantitative results
_Several assumplions have been made in these getalled KNGy in0 4 here with the qualitative results obtained by Flood on

simulations, and further discussion is warranted. First, since the

: . - “the deuterium scrambling in [CnRh(L)RDlcomplexes (L=
o-alkane complexes are not directly observed as |ntermedlatesF,(Ol\/Ie)3 Cn= 1,4,7-triazacyclononanéd.in his case, butyl

an assurfnt;;]tmn must beTrEaddg retgat:dlng tthe Etag'“ty or freecgexyl, and even decyl groups were observed to undergo
energy ot these species. nhe direct observation by bergman an omplete equilibration of the deuterium into theposition at

I:'ac;r!z Of_ thfh conversu_)n_lof e}n alkamz?corrllplgé to ;n alkyl 5°C. The observed (statistically corrected) equilibrium constant
ydride in the very similar fragment TRh(CO) offers an was 1.7, favoring deuterium on carbon, anéxsctlywhat was

ﬁ?cellelnt esnmsteﬂ:orbthlls tvalule. Als?’ﬂ?s “rpergy'floned earlier, observed in the present system with £ as the substrate (eq
IS value ties 1o hebsolulevalues ol the Tast’ processes 8). Furthermore, upon heating to 4@ Flood observed

H D ; ;
,(A\ko?h’ ITO/& + Km, kd);] btUt does r(;o:jziffefjcttther[elatwel v?_lu_is. th subtantial quantities of deuterium migration into the terminal
S the latter are what are needed to getermine Selectivities, emethyl group of even the-decyl ligand, indicating that the

coanIusions drawn here are independent of the value used formetal is capable of migrating down a 10-carbon chain without
| . .- .
koa™ dissociating. Clearly, the [CnRh(Lf)]fragment binds alkanes

Seco_nd, in dealing with the problf_ems prese_nted by the_isotopernore tightly than [TfRh(L)], perhaps due to its positive charge.
effects introduced as a result of using deuterium to monitor the

rearrangements of the complexes, we used the reductivecgnclusions

elimination rates for the isopropyl hydride vs the isopropyl

deuteride complex to obtaikse/kre® = 2.1 for the isotope The isotopic scrambling and rearrangement of complexes of
effect on alkane reductive bond formation to give an alkane the type TPRh(CNR)(R)(H/D) has been shown to proceed
o-complex. While the absolute rate constants for reductive bond intramolecularly with alkanes-complexes as intermediates.
formation from primary alkyl hydride and alkyl deuteride Rearrangement of secondary alkyl hydrides to their more stable
complexes are likely to be different, it is reasonable to assume primary alkyl hydride isomers was observed. Scrambling of
that theratio of these rates (i.e. the isotope effect) is of similar (27) Calvert, R. B.. Shapley, J. B, Am. Chem. S0d978 100, 7726
size. It is this assumption that allows one to solve the methyl  (5g) jaffart, 3.; Mathieu, R.; Etienne, M.; McGrady, J. E.; Eisenstein,
deuteride simulation. 0.; Maseras, FChem. Commurl998 2011.
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butane
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B migration from 2°-1°
m2° dissociation
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methane
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relative rate (kq1=1)

Figure 14. Bar graph showing relative rates of reactionssedlkane

complexes. For propane and butane, the processes for the primary an

secondary-alkane complexes are separated.

deuterium label into both the-position and terminal methyl
group was observed in linear alkyl deuteride compleXeésto

Northcutt et al.

stirring over BSQO,, washing with aqueous KMnQand water, and
distilling from dark purple solutions of tetraglyme/benzophenone ketyl.
Tetrahydrofuran-g) benzeneds, and methanek were purchased from
Cambridge Isotope Lab. The liquids were distilled under vacuum from
dark purple solutions of benzophenone ketyl and stored in ampules
with Teflon sealed vacuum line adaptors. The preparations of RTp
Tp'Rh(L)Cl,*%2 Tp'Rh(L)(Me)CI %2 Tp'Rh(L)(n-Pr)Cl % Tp'Rh(L)-
(i-Pr)Cltea Tp'Rh(L)(n-Pr)H'™, Tp'Rh(L)(n-pentyl)CE™, Tp'Rh(L)-
(n-penty)HI™ Tp'Rh(L)(;7>-PhN=C=NCH,C(CH)3),%° and neopen-
tylisocyanide (L§* have been previously reported. We have additionally
noted that in the preparation of Rh(CNneopentyl)G| thefac-isomer

of RhCE(CH;CN); must be used. Caution must be taken during the
preparation of this intermediate from RRGH,O (do not heat) or the
unreactivemerisomer can be formed. The zirconium reagents,{Cp
ZrH,), and [CpZrD,], were prepared according to literature meth&ds.
All Grignards with the exception af-pentylmagnesium chloride and
n-hexylmagnesium chloride were purchased from Aldrich Chemical

(go. Hexafluorobenzene §E) was purchased from the Aldrich

hemical Co, dried ovet A Linde molecular sieves for 24 h, degassed
using three freezepump-thaw cycles, and stored in the dri-lab.

All NMR spectra were recorded on a Bruker AMX4061(2H, 1'B,
13C). All *H and?H chemical shifts are reported in pp) (relative to
tetramethylsilane and referenced using chemical shifts of residual

6-d;. Relative rates of dissociation, migration, and bond activa- solvent resonances (benzeme-o0 7.15). 1B NMR spectra were
tion from alkane complexes have been elucidated through kineticreferenced to external BfOEL (6 0.0). All temperatures for kinetic
simulation, allowing several general conclusions to be drawn. experiments were calibrated relative to the chemical shift differences

For methane, €H bond activation is strongly favored over
dissociation of methane from the metahethanes-complex.
For ethane-hexane, activation of the terminal-& bond of

the alkane is favored over both dissociation and migration to

the 8 position of thes-alkane complex.

in the NMR spectra of neat ethylene glycol. Accurate temperature
control (£0.1°C) was maintained using a Bruker BVT-3000 VT control

unit. Resealable NMR tubes with Teflon valves were purchased from
the Brunfeldt Co. Infrared spectra were recorded on a Mattson
Instruments 6020 Galaxy Series FTIR and processed with First:Acquire
v1.52 software. Analyses were obtained from Desert Analytics. A

Propane and the higher qlkanes offer an oppqrtunity to learn siemens SMART system with a CCD area detector was used for X-ray
about a number of competitive processes available to alkanestructure determination.

complexes, as alluded to in the discussion of eg%.3The

Preparation of Tp'Rh(L)(Et)Cl, 2-Cl. Tp'Rh(L)Cl, (155 mg, 0.27

relative rates of these processes available to alkane complexesimol) was placed in a 50 mL round-bottom flask with a Teflon coated
of methane, ethane, propane, and butane are shown schemattir bar. Addition of 25 mL of THF resulted in a yellow orange solution.

cally in Figure 14. Due to the ability to obtain only relative

Ethylmagnesium chloride (0.20 mL, 0.40 mmol, 1.5 equiv) was added

rates for a given alkane complex, these rates cannot be compareHrOpWise to the stirring solution over 5 min and the resulting brown

from one substrate to another, or even from one alkane

o-complex to another.

The following general conclusions can be made about these

processes for the fragment [Rh(CNR)] interacting with a
linear alkane: (1) €H bond activation is favored over
dissociation of alkane in a primary alkanecomplex by a factor

solution stirred for 15 min. Excess Grignard reagent was quenched with
a saturated solution of Ni€l(aq) until all had reacted to give a clear
solution. The pale yellow solution was filtered through glass wool and
solvent removed under vacuum. Purification was by preparative TLC
using hexanesTHF (4:1, v/v) as the mobile phase. Recrystallization
at —20 °C from a CHCI; solution layered with hexanes yielded 97
mg (0.17 mmol, 64%) of bright yellow X-ray quality crystals. NMR

of ~five, (2) primary-to-secondary and secondary-to-primary data for2-Cl: *H NMR (CsDe) 6 5.712 (s, 1 H, p#), 5.604 (s, 1 H,
migrations are faster than dissociation from their respective pzH), 5.566 (s, 1H, pd), 3.613 (m, GiHCHs; 1 H), 3.385 (m,

alkaneo-complexes by a factor of-23 while secondary-to-
secondary migration is aboutx7faster than dissociation, (3)

C—H activation is the fastest process in primary alkane
complexes, but the slowest in secondary alkane complexes (i
is not even observed in the latter case, unless no other type o

CHHCHs, 1 H), 2.981 (s, 3H, pzBs), 2.775 (s, 3H, pz83), 2.656
(ABq, 2H, NCHy), 2.343 (s, 3H, pz€), 2.230 (s, 3H, pz6ls), 2.154
(s, 3H, pzQ&3), 2.095 (s, 3H, pzHa), 1.355 (t,J = 7.6 Hz, 3H,
CH,CHs), 0.716 (s, 9H, CHC(CHa)s). 3C{*H} NMR (C¢Ds) 6 155.70,

f153.76, 153.35, 146.93, 145.41, 145.17 (s,¢pzC11.15, 110.33, 109.26

(S, piH), 58.79 (S, N:Hg), 34.54 (S,C(CH3)3), 29.23 (S, CCH3)3),

bond is available (e.g. cycloalkanes)), and (4) in a secondary 21 48 (s, REEH,CHs), 17.25, 15.63, 15.39, 14.92 (s,@i), 13.98 (d,
alkaneo-complex, secondary-to-secondary migration is about Jg,, = 18.7 Hz, RICH,CH). IR (THF, cmy) 2521 (w, B-H), 2203

3x faster than secondary-to-primary migration, giving rise to
the effect of rapid migration down a linear chain.

Inverse isotope effects on alkane loss from an alkyl hydride

(s, CNR). Anal. Calcd for &H3sBCIN/Rh: C, 49.18; H, 6.82; N, 17.45.
Found: C, 48.54; H, 6.80; N, 17.46.
Preparation of Tp'Rh(L)(n-Bu)CI, 4-Cl. Synthesis of4-Cl was

vs an alkyl deuteride complex have been shown to be the resultidentical to that o-Cl except that 190 mg of TRh(L)Cl, (0.36 mmol)
of an inverse preequilibrium isotope effect, produced by two @nd 0.27 mL of 2.0 Mn-butylmagnesium chloride (0.54 mmol, 1.5

different but normal isotope effects in the reductive bond
formation/oxidative bond cleavage preequilibrium steps.

Experimental Section

General Considerations.All manipulations were performed under

an N, atmosphere, either on a high-vacuum line using modified Schlenk
techniques or in a Vacuum Atmospheres Corporation Glovebox.
Tetrahydrofuran and toluene were distilled from dark purple solutions v, v,
of benzophenone ketyl. Alkane solvents were made olefin-free by

equiv) were used. Workup and recrystallizatiordef| were identical
to that of 2-Cl. Yield: 86 mg (0.146 mmol, 41%). NMR data fdr
H NMR (CgDg) 6 5.699 (s, 1 H, pHl), 5.608 (s, 1 H, p#), 5.556 (s,
1H, pA), 3.442 (m, GIHCH;CH,CHjs, 1 H), 3.290 (m, GIHCH,CH,-
CHs, 1 H), 2.969 (s, 3H, pzBs), 2.776 (s, 3H, pzHs), 2.642 (AR,

(29) Trofimenko, Slnorg. Synth.197Q 12, 99.

(30) Hessel, E. T.; Jones, W. D. Am. Chem. S0d.992 114, 6087.
(31) Schuster, R. EDrganic SynthesjdViley: New York, 1973; Collect.
p 772.

(32) Shriver, D. Flnorg. Synth.1979 19, 223.
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2H, NCH,), 2.360 (s, 3H, pz8s), 2.220 (s, 3H, pz€s), 2.148 (s, 3H,
pzCHs), 2.086 (s, 3H, pz83), 1.987 (M, CHCHHCH,CHs, 1 H), 1.762
(m, CH,CHHCH,CHs, 1 H), 1.690 (m, CRHCH,CH,CHs, 2 H), 1.041
(t, Jun = 7.2 Hz, 3H, RhCHCH,CH,CHs), 0.709 (s, 9H, CHC(CH3)3).
13C{*H} NMR (CsDg) 6 153.13, 151.17, 150.83, 144.38, 142.84, 142.59
(s, pzG), 108.58, 107.81, 106.70 (s, &), 56.27 (s, NCH2), 36.61
(s, RhnCHCH,CH,CHg), 32.01 (s,C(CHs)3), 26.68 (s, CCHa)3), 26.18
(S, RhCHCHzCHzCHg), 18.37 (d,JRhH = 19.0 Hz, Ri@HgCHzCHQ-
CHs), 14.72, (s, p€Hs), 14.69 (s, RhChCH,CH,CH3), 14.52, 13.05,
12.83, 12.36 (s, f@2Hs). IR (THF, cnml) 2524 (w, B-H), 2205 (s,
CNR). Anal. Calcd for GH4BCIN;+CH,Cl: C, 46.3; H, 6.57; N,
14.53. Found: C, 45.21; H, 6.37; N, 13.62.

Preparation of Tp’'Rh(L)(n-pentyl)Cl, 5-Cl. Synthesis 0b-Cl was
identical to that oR-Cl except that 238 mg of TRh(L)Cl, (0.41 mmol)
and 1.50 mL of 0.30 Mr-hexylmagnesium chloride (0.450 mmol, 1.1
equiv) were used. Workup and recrystallizatiorbe€| were identical
to that of2-Cl. Yield: 64.7 mg (0.107 mmol, 26.1%).

Preparation of Tp'Rh(L)(n-hexyl)Cl, 6-CI. Synthesis 06-Cl was
identical to that oR-Cl except that 274 mg of TRh(L)Cl, (0.48 mmol)
and 1.50 mL of 0.37 M-hexylmagnesium chloride (0.555 mmol, 1.2
equiv) were used. Workup and recrystallizatiorbe€| were identical
to that of 2-Cl. Yield: 104 mg (0.168 mmol, 34.7%). NMR data for
6-Cl: 'H NMR (CsDg): 6 5.699 (s, 1 H, pHl), 5.608 (s, 1 H, pH),
5.556 (s, 1H, p#), 3.442 (m, G{HCH,CH,CHs, 1 H), 3.290 (m,
CHHCH,CH,CHjz, 1 H), 2.969 (s, 3H, pzBs), 2.776 (s, 3H, pzHs),
2.642 (AB, 2H, NCH,), 2.360 (s, 3H, pz€3), 2.220 (s, 3H, pz@3),
2.148 (s, 3H, pz8s), 2.086 (s, 3H, pzBs), 1.987 (M, CHCHHCH.-
CHs, 1 H), 1.762 (m, CHCHHCH_CHjs, 1 H), 1.690 (m, CHCH,CH,-
CHs, 2 H), 1.041 (tJun = 7.2 Hz, 3H, RhCHCH,CH,CH3), 0.709 (s,
9H, CHC(CHa)3). 13C{*H} NMR (CsDe): 6 153.2, 151.2, 150.8, 144.4,
142.9, 142.6 (s, pz§), 108.6, 107.8, 106.7 (s, BH), 56.3 (s, NCH2),
34.3, 33.2, 32.5 (s, RhGXCH>)4CHs), 32.0 (s,C(CHs)s), 26.7 (s,
C(CHg)3), 23.4 (s, RhCHCH,)3sCH,CHs), 18.8 (d,Jrnn = 19.0 Hz,
RhCH2(CH,).CHs), 14.7, 14.4, 13.1, 12.8, 12.3 (s,@H3). IR (THF,
cm1): 2521 (w, B-H), 2205 (s, CNR). Anal. Calcd for £H46BCIN7-
Rh: C, 52.49; H, 7.50; N, 15.87. Found: C, 52.94; H, 7.59; N, 15.47.

Preparation of Tp'Rh(L)(secbutyl)Cl, 4'-Cl. Synthesis of4'-Cl
was identical to that 02-Cl except that 124 mg of TRh(L)Cl, (0.23
mmol) and 0.23 mL of 2.0 Mecbutylmagnesium chloride (0.46 mmol,
2 equiv) were used. Workup and recrystallizatiod'e€l were identical
to that of2-Cl. Yield: 14.4 mg (0.024 mmol, 10.5%). Recrystallization
from methanol at—20 °C allows for partial crystallization of one
stereoisomer of'-Cl. NMR data for4'-Cl: *H NMR (C¢Dg) ¢ 5.695,
5.686 (s, 1 H, pH), 5.638 (bs, 2 H, pd), 5.566, 5.560 (s, 1H, [b3),
4.89 (bm, 1H, RhE&(CH,CH;)CHs), 3.046, 3.031 (s, 3H, pzd),
2.775, 2.772 (s, 3H, pa€s), 2.672, 2.660 (AB 2H, NCH,), 2.401,
2.370 (s, 3H, pz€5s), 2.216, 2.212 (s, 3H, pa€), 2.184, 2.172 (s,
3H, pz(Ha), 2.118, 2.108 (s, 3H, p#ds), 1.940 (bm, 4H, RhCH(B,-
CHs)CHg), 1.049 (bt,Jun = 8.4 Hz, 6H, RhCH(CHICH3)CHs), 0.707,
0.694 (s, 9H, CHC(CHa)s). 3C{*H} NMR (CsDs) 6 153.2, 151.2,
150.8, 144.4, 142.9, 142.6 (s, pgC108.6, 107.8, 106.7 (s, £H),
56.3 (s, NCH2), 34.3, 33.2, 32.5 (s, RhGKCH)4CHs), 32.0 (s,
C(CH3)3), 26.7 (S, CCH3)3), 23.4 (S, Rth(CH2)3CchH3), 18.8 (d,
Jrnn = 19.0 Hz, RICH(CH,)4CHs), 14.7, 14.4, 13.1, 12.8, 12.3 (s,
pzCH5). IR (THF, cnrl) 2521 (w, B-H), 2205 (s, CNR).

Preparation of Tp’'Rh(L)(R)H. To a resealable NMR tube was
added 7.8 mg of ethyl derivati&ClI (0.014 mmol) and 12.3 mg (0.027
mmol) of [CpZrH].. Benzenads (0.55 mL) was added via syringe.
The reaction mixture was shaken vigorously for 1 min, with complete
conversion t@2 by 'H NMR spectroscopy. The unreacted pZH;]»
and CpZrCl, precipitate to the bottom of the sample. The reaction is
general and was used to form hydrides4'. Data for3, 5, and3
were reported earlier. F& H NMR (CgDg) 0 5.825 (s, 1 H, p),
5.660 (s, 1 H, pH), 5.642 (s, 1H, pd), 2.628 (AB,, 2H, NCH), 2.570
(s, 3H, pz®s), 2.558 (s, 3H, pzBs), 2.354 (s, 3H, pzB3), 2.269 (s,
3H, pzHy), 2.194 (s, 3H, pzB3), 2.170 (s, 3H, pzE3), 1.619 (t,Jun
= 7.6 Hz, 3H, CHCHs), 0.658 (s, 9H, CHC(CH3)3), —14.936 (d Jrnn
= 24.8 Hz, 1H RI). For4: *H NMR (CeDe) 6 5.816 (s, 1 H, pH),
5.646 (s, 1 H, pd), 5.627 (s, 1H, pd), 2.667 (AB,, 2H, NCH,), 2.572
(s, 3H, pz®3), 2.561 (s, 3H, pzBj3), 2.368 (s, 3H, pzHs), 2.267
(s, 3H, pzC®i3), 2.206 (s, 3H, pz83), 2.183 (s, 3H, pzH3), 1.931
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(m, 2H, RhCHCH,CH,CHj), 1.669 (m, 2H, RhCHCH,CH,CHjz), 1.107
(t, Jun = 7.6 Hz, 3H, RhCHCH,CH,CH3), 0.658 (s, 9H, ChiC(CH3)3),
—14.993 (d,Jrny = 24.8 Hz, 1H RIM). For 6: *H NMR (CeDg)
5.808 (s, 1 H, pH), 5.637 (s, 1 H, p#), 5.620 (s, 1H, pH), 2.652
(ABg, 2H, NCH,), 2.576 (s, 3H, pz8s), 2.564 (s, 3H, pzHs), 2.360
(s, 3H, pzQa), 2.274 (s, 3H, pzHl), 2.194 (s, 3H, pz83), 2.172 (s,
3H, pzMHs), 1.927 (m, 2H, RhCKCH,CH,CH,CH,CHj3), 1.636 (m,
2H, RhCHCH,CH,CH,CH,CHg), 1.466 (m, 2H, RhChCH,CH,CH,-
CH,CHj3), 1.384 (m, 2H, RhChHCH,CH,CH,CH,CHz3), 0.904 (t,Jun
= 7.6 Hz, 3H, RhCHCH,CH,CH,CH,CH3), 0.648 (s, 9H, ChiC-
(CHa)s), —14.928 (d Jrn = 24.8 Hz, 1H RK). For4': *H NMR (CsDs)
0 5.818 (s, 2 H, p), 5.636 (s, 2 H, p), 5.564 (s, 1H, pa), 5.558
(s, 1H, pH), 2.694 (AB,, 4H, NCHy), 2.603 (s, 3H, pz8s), 2.597 (s,
3H, pztHs), 2.438 (s, 6H, pz83), 2.363 (s, 3H, pzH3), 2.320 (s,
3H, pzHs), 2.302 (s, 6H, pzls), 2.248 (s, 6H, pzHs), 2.194 (s,
6H, pzHs), 1.216 (t,Juw = 6.8 Hz, 3H, CH(CH)CH,CHj), 1.190 (t,
Jun = 7.2 Hz, 3H, CH(CH)CH,CHj), 0.658 (s, 9H, CHC(CH3)s),
—15.294 (d Jrnn = 24.8 Hz, 1H RIM), —15.302 (d Jrns = 25.2 Hz,
1H RHH).

Kinetics of Elimination of Alkane from Tp 'Rh(L)(R)H. Genera-
tion of rhodium alkyl hydride complexes was accomplished by the
general method outlined above, with:ll of dimethoxyethane (DME)
added as an internal standard. The reductive elimination of alkane from
1-6 was monitored byH NMR spectroscopy in §Ds at 26°C. For
kinetic analysis neopentyl isocyanide resonances for botRM(h)-
(CsDs)D and alkyl hydride were integrated relative to DME at regular
intervals. Data analysis was carried out using Microsoft Excel (see
Supporting Information).

Preparation of Tp'Rh(L)(R)D. To a resealable NMR tube was
added 8.0 mg of ethyl derivati2Cl (0.014 mmol) and 22.3 mg (0.049
mmol) of [CpZrD-].. Benzene (0.55 mL) and benzedgfl ul) were
added via syringe. The reaction mixture was shaken vigorously for 1
min and placed into a pre-shimmed probe. The reaction is general and
was used to form the isotopomelrsl; to 4'-dy. For2-d;: {*H}?H NMR
(CeHg) 0 2.528 (RhCHDCHs), 2.180 (RhCHCH,D), —14.825.3-dy:
{*H}?H NMR (CsHg) 6 2.339, 2.048 (RhCHCH,CHj), 1.313 (RhCH-
CH,CH:D), —14.791 (RID). 4-d1: {*H}2H NMR (CeHe) 6 2.438, 2.082
(RhCHD(CH,),CHs), 1.937 (RhCHCHDCH,CHs), 1.656 (Rh(CH)-
CHDCHj), 1.126 (RhCH(CH,).CH,D), —14.782 (RID). 5-dy: {*H}2H
NMR (CsHe) 6 2.366, 2.056 (RhCBH(CH,)sCH;), 1.008 (RhCH(CH,)s-
CH;D), —14.810 (RID). 6-di: {*H}?H NMR (CsHe) 6 2.332, 2.029
(RhCHD(CH,)4CHs), 14.829 (RID). 3'-di: {*H}?H NMR (CeHg) &
—15.122 (RID). 4-di: {*H}?H NMR (CeHe) 6 —15.218 (RID).

Kinetics of Isomerization of Tp'Rh(L)(R)D. Generation of rhodium
alkyl deuteride complexes was accomplished by the general method
outlined above, with kL of benzeneds added as an internal standard.
Isomerization and migration of the deuterium label Ir4'" was
monitored by{ *H}?H NMR spectroscopy in §Hg at 26°C. For kinetic
analysis all signals were integrated relative ¥Dgat regular intervals
(see Figure 2). The relative amounts of each species were measured
by calculating the ratio of the integral value of one species to the sum
of the integral value for all species (all species contain one deuterium).
Kinetic simulation was carried out using KINSIM/FITSIM (see
Supporting Information). Agreement is generally good, with the largest
deviations being observed for the lighter hydrocarbons (methane, ethane,
propane) at longer reaction times due to their volatility.

Determination of Isotope Effects on Oxidative Addition.Tp'Rh-
(L)(7%PhN=C=NCH,C(CHg)3) (6 mg, 0.009 mmol) was placed in a
resealable NMR tube. € (0.6 mL) was added via syringe. The
resulting bright yellow solution was degassed three times. The vacuum
manifold was filled with 0.105 atm of C#D, (2.0 mmol). CHD, was
condensed into the NMR tube and carefully thawed. (CAUTION:
Extremely high pressure!) The sample was photolyzed for 6 min at 6
°C until the bright yellow solution became completely bleached. The
sample was placed in-al0 °C methanol/water bath and the pressure
released. The NMR probe (at°’€) was shimmed with a s sample
of TP'Rh(GsDs)D of similar concentration and solvent heigfiH} *H
NMR spectra were acquired unlocked. The methyl signals of the two
C—X bond activation products were integrated relative to the single
neopentyl isocyanide resonance fitwd,. This ratio was used to
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determine the kinetic isotope effect. Fad;: {?H}*H NMR (CqFe) Supporting Information Available: Tables of kinetic fits
6 0.091 downfield from ChD,. For 1b-dz: {?H}*H NMR (CqFs) 0 and experimental details of the X-ray structural determinations
0.195 downfield from ChD.. of 2-Cl and6-Cl (PDF). This material is available free of charge
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